Background Ulnar shortening osteotomy often is indicated for treatment of injuries to the triangular fibrocartilage complex (TFCC). However, the effect of ulnar shortening osteotomy on the changes in shape of the TFCC is unclear. In our study, quantitative evaluations were performed using MRI to clarify the effect of ulnar shortening on triangular fibrocartilage (TFC) thickness attributable to disc regeneration of the TFC and TFC angle attributable to the suspension effect of ulnar shortening on the TFC. Questions/purposes The purposes of this study were (1) to compare preoperative and postoperative TFC thickness and TFC angle on MR images to quantitatively evaluate the effect of ulnar shortening osteotomy on disc regeneration and the suspension effect on the TFC; and (2) to assess whether changes in TFC thickness and TFC angle correlated with the Mayo wrist score. Methods Between 1995 and 2008, 256 patients underwent ulnar shortening osteotomy for TFCC injuries. The minimum followup was 24 months (mean, 51 months; range, 24-210 months). A total of 79 patients (31%) with complete followup including preoperative and postoperative MR images and the Mayo wrist score was included in this retrospective study. Evaluation of the postoperative MR images and the Mayo wrist score were performed at the final followup. The remaining 177 patients did not undergo postoperative MRI, or they had a previous fracture, large tears of the disc proper, or were lost to followup. Two orthopaedists, one of whom performed the surgeries, measured the TFC thickness and the TFC angle on coronal MR images before and after surgery for each patient. Correlations of the percent change in the TFC thickness and the magnitude of TFC angle change with age, sex, postoperative MR images, extent of ulnar shortening, preoperative ulnar variance, and postoperative Mayo wrist score were assessed. Results Stepwise regression analysis showed a correlation between the percent change in TFC thickness and preoperative ulnar variance (R 2 = 0.21; b = À0.33; 95% CI, À0.11 to 0.01; p = 0.01) and between the magnitude of change in the TFC angle and the extent of ulnar shortening (R 2 = 0.18; b = À0.29; 95% CI, À5.8 to 0.29; p = 0.03). The Mayo wrist score was not correlated with the percent change in TFC thickness or the magnitude of change in the TFC angle. Conclusions These results suggest that, in patients with TFCC injury with a smaller preoperative ulnar variance,
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Introduction
Ulnar shortening osteotomy accompanied by decompression between the ulna and the carpal bones has been shown to help stabilize the distal radioulnar joint (DRUJ) [11] . This operation is indicated in a broad range of cases, including degenerative tears of the triangular fibrocartilage complex (TFCC), and mild to moderate DRUJ instability [2, 4, 9] . Several studies have been published concerning the use of ulnar shortening osteotomy in the treatment of TFCC injury [2, 9, 13] . These studies were based on evaluation of clinical results and arthroscopic findings.
Ulnar shortening osteotomy for TFCC injury may affect triangular fibrocartilage (TFC) thickness likely as disc regeneration of the TFC [13, 15] , and the TFC angle as a suspension effect of ulnar shortening on the TFC [11] . When these structural changes on thickness and angle of the TFC may last, the effect of ulnar shortening can be retained. However, there have been no reports, to our knowledge, that the structural changes on the TFC remains after ulnar shortening.
The purposes of this study were (1) to compare on MR images preoperative and postoperative TFC thickness and TFC angle to evaluate quantitatively the effect of ulnar shortening osteotomy on disc regeneration and on the suspension effect of the TFC; and (2) to assess whether changes in TFC thickness and TFC angle correlated with the Mayo wrist score.
Materials and Methods
A retrospective followup study of preoperative and postoperative MR images of patients who had ulnar shortening osteotomy was performed. Our institutional ethics committee approved this study design.
Between 1995 and 2008, 470 patients underwent surgery for injuries to the TFCC. During that time, the general indications for ulnar shortening osteotomy were subjective symptoms of pain at the ulnar side of the wrist, objective abnormal findings of the ulnocarpal stress test, and evidence of dynamic DRUJ instability, such as a painful click. TFCC injury was diagnosed based on residual pain even after immobilization of the wrist or wearing a brace for a minimum of 3 months, which acted to reduce DRUJ instability. Contrast dye leakage from the radiocarpal joint in the DRUJ during wrist arthrography also served as a diagnostic tool for TFCC injury. Contraindications to surgery included partial resection of the TFCC in patients with TFCC injury without DRUJ instability, TFCC suture repair for patients in whom the suspension effect of the TFCC by the ulnar shortening osteotomy could not be expected because the radioulnar ligament was detached from the ulnar fovea, and TFCC reconstruction for patients who could not undergo repair of the TFCC. Among patients undergoing ulnar shortening, patients with a history of radius, ulna, or carpal bone fractures and TFCC surgery, patients who could not be evaluated by MRI because there was a large tear of the disc proper, and patients lost to followup also were excluded.
The ulnar shortening osteotomy was performed in 256 of 470 patients. As part of routine care, postoperative MR images were obtained; of the patients who underwent ulnar shortening osteotomy, 79 (31%) were available for clinical examination and MRI at a median of 51 months (range, 24-210 months) postoperatively in this retrospective study ( Fig. 1) . These patients consisted of 39 males and 40 females (including two female patients who underwent bilateral surgery) with a mean age of 40 years (range, 15-73 years) at the time of surgery. All surgeries were performed by a senior orthopaedic hand surgeon (TN). Arthroscopic examination of the TFCC was performed through the original distal DRUJ portal, just proximal to the TFC to evaluate the joint surface of the DRUJ and the radioulnar ligament attaching to the ulnar fovea using a 1.9-mm oblique wrist arthroscope in all patients during the ulnar shortening osteotomy. In all patients with a TFCC split tear, the tear was debrided to a stable peripheral margin. For patients with degeneration and fibrillation without tears, only the fibrillation was resected arthroscopically. Ulnar shortening procedures included transverse parallel osteotomy and fixation with a 5-to 6-hole, 3.5-mm, dynamic compression plate. The extent of ulnar shortening was set at 2 to 2.5 mm in patients in whom the preoperative ulnar variance was neutral or negative up to 1 .
2 the longitudinal length of the sigmoid notch to avoid over-shortening the ulna and at a level equivalent to the ''neutral variance'' in patients in which the preoperative ulnar variance was positive. TFCC injury classification was based on the Palmer classification [12] and was Class 1A in 20, Class 1B in two, Class 1C in two, Class 1D in 14, and Class 2 in 43 patients (including two patients with bilateral involvement, one patient had Class 1A and Class 1D and the other had Class 2 for both wrists). The mean extent of ulnar shortening was 2.3 mm (2 mm in 61patients, 2.5 mm in four patients, 3 mm in 11 patients, 3.5 mm in two patients, 4 mm in two patients, and 5 mm in one patient) (including two patients with bilateral involvement, one patient had 2 mm and 3 mm and the other had 2 mm for both wrists). The surgeon (TN) Fig performed a wrist evaluation on the basis of the Mayo wrist scoring system [3] at the final followup, and postoperative MRI was performed at the same time. MRI was performed with a 1.5-T scanner (Signa TM 1.5T; GE Healthcare, Milwaukee, WI, USA) with a highresolution eight-channel surface coil for the hand and wrist. The patient was positioned prone, the hand was elevated in the neutral position of the forearm and wrist in the surface coil, and the elbow was flexed at 90°during imaging. For each patient, the preoperative three-dimensional T2*-weighted fat-suppressed coronal MR images (repetition time/echo time of 21/9.8 ms) with 1-mm thickness of the slice with no gap were used to check for ulnar variance and to measure the TFC thickness at the central, thinnest part of the TFC disc proper. Eleven to 13 coronal slices of the TFCC were obtained. The TFC angle formed by a straight line drawn parallel to the horizontal line from the radius attachment point of the TFCC to the center of the thinnest part of the TFC disc also was measured (Fig. 2) . The TFC thickness and angle measurements were repeated on the postoperative MRI. The MR images that most clearly showed the entire TFCC including the radial and ulnar attachments were selected. In addition, the images selected for comparison preoperatively and postoperatively were those in which the TFCC, scaphoid, lunate, radius, and ulnar morphologic features matched.
The percent change in TFC thickness was calculated by dividing the difference between the preoperative and postoperative TFC thicknesses by the preoperative TFC thickness. The magnitude of the change in the TFC angle was calculated by subtracting the preoperative TFC angle from the postoperative TFC angle. Preoperative and postoperative TFC thicknesses and angle were evaluated independently by two orthopaedists (TN, YY) experienced in MRI measurements of the TFCC using ImageJ software (National Institutes of Health, Bethesda, MD, USA). One was the senior surgeon (TN), and the other was an orthopaedist with 7 years of experience (YY), and this surgeon (YY) evaluated twice with a 2-week interval. Preoperative ulnar variance also was evaluated twice with a 2-week interval by the one orthopaedist (YY).
The intraclass correlation coefficient (ICC) [7] was used to calculate the level of agreement among two or more continuous variables. An observer (YY) blinded to each patient's clinical status compared the percent change in the TFC thickness and the magnitude of change in the TFC angle with age, sex, postoperative MR images, extent of ulnar shortening, preoperative ulnar variance, and postoperative Mayo wrist score at final followup with bivariate Pearson's correlation using a simple linear regression model and stepwise regression analysis.
Results
The mean intraobserver ICC was 0.94 (95% CI, 0.62-0.98) for TFC thickness, 0.95 (95% CI, 0.93-0.96) for TFC angle, and 0.97 (95% CI, 0.95-0.98) for preoperative ulnar variance. The mean interobserver ICC was 0.87 (95% CI, 0.82-0.91) for TFC thickness and 0.93 (95% CI, 0.90-0.95) for TFC angle.
The mean preoperative TFC thickness and TFC angle measurements were 1.3 mm and 25°, respectively. Alternatively, the mean postoperative TFC thickness and TFC angles were 1.4 mm and 19°, respectively. The mean percent change in TFC thickness and magnitude of change in the TFC angle were 0.2°and À6°, respectively. The mean preoperative ulnar variance was 1.0 mm (Table 1) .
Stepwise regression analysis showed correlations between the percent change in the TFC thickness and preoperative ulnar variance (R 2 = 0.21; b = À0.33; 95% CI, À0.11to 0.01; p = 0.01) and between the magnitude of change in the TFC angle and the extent of ulnar shortening (R 2 = 0.18; b = À0.29; 95% CI, À5.8 to 0.29; p = 0.03) ( Fig. 3) . Seventy patients had excellent results and nine had good results based on the Mayo wrist score. The Mayo Wrist Score did not correlate with the percent change in TFC thickness or magnitude of the change in the TFC angle ( Table 2) . One patient had nonunion at the ulnar shortening osteotomy site; refixation was performed 6 months after initial surgery and bone union was achieved.
Discussion
Several studies have been published concerning the use of ulnar shortening osteotomy for treatment of TFCC injury [2, 9, 13] . However, these studies were based on evaluation of clinical results and arthroscopic findings. Therefore, in our study, quantitative evaluations were performed using MRI to clarify the effect of ulnar shortening on TFC thickness attributable to disc regeneration of the TFC and the TFC angle attributable to the suspension effect of ulnar shortening on the TFC. In our study, patients with a large ulnar variance before surgery were found to be unlikely to show TFC regeneration after surgery. Furthermore, patients with more ulnar shortening were more likely to show a suspension effect.
There are limitations to our study. First, we evaluated only 79 of 256 patients who underwent ulnar shortening osteotomy; therefore, it is possible that the results of this study are not applicable to all patients with a TFCC injury. However, since 81 cases (two of the 79 patients had bilateral surgery) were evaluated, the number was sufficient for quantitative evaluation. Second, in the measurements of TFC thickness and angle, interobserver reliability was evaluated for two raters (TN, YY), whereas intraobserver reliability was evaluated for only one rater (YY). However, interobserver reliability is more clinically useful than intraobserver reliability, and if researchers document an acceptable level of interobserver reliability in the appropriate context, no further reliability testing is necessary [5] . Third, the surgeon (TN) evaluated preoperative and postoperative TFC thicknesses, the TFC angles, and the Mayo Wrist Score at final followup. However, assessor bias was unlikely because strict criteria were used to measure MR images.
The avascular central zone of the TFCC was reported to have no healing potential [1] . However, some have reported that the degenerative disc has the potential for regeneration, especially in patients with neutral or negative ulnar variance, suggesting that an ulnar shortening osteotomy may stimulate disc regeneration [13, 15] . In one study, postoperative rearthroscopy showed healing of the injured central portion of the TFCC in 50% of patients who underwent ulnar shortening osteotomy for a TFCC injury [13] . Postoperative rearthroscopy also revealed TFCC tear healing in 10 of 13 patients who underwent an ulnar shortening osteotomy for ulnocarpal abutment syndrome [14] . The number of apoptotic cells in the degenerative disc increases with increasing values of ulnar variance. Preventing apoptosis of the disc cells may be possible if the variance can be reduced by an ulnar shortening osteotomy [16] . Our study showed that the percent change in the TFC thickness after surgery was correlated with the preoperative ulnar variance. The percent change in the TFC thickness was greater than 0 in 59 (88%) of the 67 patients with preoperative ulnar variance less than 2 mm, suggesting that regeneration of the disc proper had likely occurred in these patients. However, the percent change in TFC thickness was 0 or less in 10 (71%) of the 14 patients with preoperative ulnar variance of 2 mm or more, suggesting that regeneration of the disc proper after ulnar shortening is unlikely to have occurred in these patients. Apoptosis of the cells in the disc proper might already have taken place before the ulnar shortening osteotomy in patients with positive values for preoperative ulnar variance [16] , so that regeneration after the operation was unlikely to occur in these patients. In our patients with TFCC injury and ulnar variance values less than 2 mm, a high residual potential for regeneration in the disc proper was seen after ulnar shortening osteotomy with the possibility of increasing postoperative disc thickness. In our patients, the TFC angle decreased after ulnar shortening osteotomy. A decrease of the TFC angle may be the result of the continuous suspension effect on the TFCC after ulnar shortening osteotomy. A negative correlation was seen between the extent of ulnar shortening and the magnitude of change in the TFC angle. This confirmed the pulling down of the TFCC along the major axis resulting from ulnar shortening. Nishiwaki et al. [11] reported that the suspension effect on the TFCC increases as the extent of ulnar shortening increases, resulting in greater stabilization of the DRUJ, as long as the radioulnar ligament remains attached to the ulnar fovea. However, the outcome did not always improve as the extent of ulnar shortening increased [11] . Loh et al. [8] reported that ulnar shortening beyond the neutral level in patients with positive ulnar variance, or shortening beyond 2.5 mm in patients with negative ulnar variance, was not favorable in view of the morphologic features of the DRUJ. Nishiwaki et al. [10] also stated that it would be desirable to keep the extent of ulnar shortening to within 3 mm to prevent arthritic changes in the DRUJ arising from the elevated pressure.
Some authors reported good clinical results after ulnar shortening osteotomy for TFCC tears with a positive ulnar variance [6, 14, 17] . We found no relationships between the Mayo Wrist Score and TFC thickness or the TFC angle on MR images; however, all our patients had excellent or good outcomes based on the Mayo Wrist Score. Our findings were similar to those of previous studies [6, 14, 17] , indicating that ulnar shortening osteotomy is an effective treatment for TFCC tears.
The results of our study suggest that, in patients with TFCC injury and ulnar variance less than 2 mm, there is a high residual potential for regeneration in the disc proper after ulnar shortening osteotomy, with the possibility of increasing postoperative disc thickness, and the suspension effect on the TFCC correlated with the extent of ulnar shortening. However, there was no relationship between disc regeneration or the suspension effect on the TFCC and the Mayo Wrist Score.
